background: Signaling mechanisms involved in early human germ cell development are largely unknown and believed to be similar to mouse germ cell development; however, there may be species specific differences. KIT ligand (KITL) and Bone morphogenetic protein 4 (BMP4) are necessary in mouse germ cell development and may play an important role in human germ cell development.
Introduction
Investigation of the early human germ cell developmental niche has been hampered, due in part to a lack of biological resources, and therefore the majority of mammalian germ cell developmental studies have been conducted in the mouse. Mouse germ-like cells derived from mouse embryonic stem cells (mESCs) undergo meiosis, elongate and even produce live offspring (Hubner et al., 2003; Toyooka et al., 2003; Geijsen et al., 2004; Nayernia et al., 2006) . However, murine studies may not always directly translate to advances in human germ cell development, given that similar results using human embryonic stem cells (hESCs) have not been reported. This may reflect species specific differences in germ cell development and is indicative of the challenge in directly translating mESC germ cell results to hESC germ cell development. These differences highlight the need to directly investigate germ cell signaling factors and their relation to early human germ cell developmental events in human cells.
In vivo, several growth factors have proven to be essential in the proper differentiation of developing germ cells in the mouse. These are logical initial signaling factors to investigate in human germ cell development. Two of these factors are KIT ligand (KITL) (Matsui et al., 1990) and bone morphogenetic protein 4 (BMP4) (Lawson et al., 1999) , the transforming growth factor beta superfamily member. Interruption of normal KITL expression, which is expressed by the somatic tissue along the early germ cell migratory path in both mouse (Matsui et al., 1990) and humans (Hoyer et al., 2005) , or of its receptor KIT results in a loss of normal migration and proliferation in early mouse germ cells (Chabot et al., 1988; Geissler et al., 1988; Matsui et al., 1990; Mahakali Zama et al., 2005; Runyan et al., 2006) . KITL/KIT signaling is also important for post-natal germ cell development, specifically in the differentiation of spermatogonial stem cells into spermatids (Yoshinaga et al., 1991; Packer et al., 1995; Sette et al., 2000) . Inhibition of KITL/KIT signaling activity results in the loss of differentiated type A spermatogonia and all downstream derivatives, leading to sterility (Yoshinaga et al., 1991; Manova et al., 1993) . In addition, KITL/KIT signaling maintains extended mouse primary germ cell cultures (Godin et al., 1991) . KITL and KIT have both been shown to be present in the human adult testes with abnormal expression being associated with sub-fertility (Sandlow et al., 1996 (Sandlow et al., , 1997 Feng et al., 1999) . Similar to KITL/KIT signaling, BMP4 plays a significant role in early germ cell development in the mouse. In the gastrulating mouse embryo, germ cell specification begins with BMP4 (Lawson et al., 1999; ) signaling from the extra-embryonic ectoderm to the proximal region of the epiblast. BMP4 signaling molecules then bind to BMP receptors and activate genes responsible for initial germ cell development. Inhibition of BMP4 signaling has resulted in a partial or complete loss of murine germ cell formation (Lawson et al., 1999; Chang and Matzuk, 2001; Hayashi et al., 2002; Okamura et al., 2005) , yet the function of BMP4 in human germ cell development has not been established.
Our previous study demonstrated that mouse embryonic fibroblast cell contact with hESC was essential for germ cell formation (West et al., 2008) . Further, differentiation of hESCs in feeder conditioned media on poly-ornithine and laminin coated plates resulted in a significant reduction in germ cell gene expression. One potential source of germ cell signaling is the feeder extracellular matrix (ECM). The ECM plays a significant role in differentiation of early cell types (Suzuki et al., 2003; Kihara et al., 2006; Naugle et al., 2006) including ESCs (Kawasaki et al., 2000; Chen et al., 2007a; Rust et al., 2006; Gong et al., 2008) into specific lineages. The role of the ECM in germ cell adhesion and migration has been well studied (Bendel-Stenzel et al., 1998; Pereda et al., 2006) . However, direct involvement of the ECM in germ cell differentiation remains to be elucidated.
In this study, we use a previously described adherent hESC to germ cell differentiation culture system (West et al., 2008) , to determine the effect of KITL and BMP4 on enrichment and differentiation of germlike (DDX4þ POU5F1þ) cells. Using KITL knockout feeders, we demonstrate that KITL plays a significant role in enrichment of germlike cells in vitro with the loss of its expression causing a significant decrease in DDX4þ POU5F1þ cells and in gene expression with some changes being .20-fold. Results also indicated the importance of BMP signaling in enhancing germ cell development with inhibition of endogenous signaling by the BMP antagonist, noggin, causing a significant decrease in DDX4þ POU5F1þ cells and in germ cell gene expression. These findings are supported by elevated germ cell gene expression caused by exposure to exogenous BMP4. Additionally, the differentiation of hESCs on only mouse feeder ECM caused a reduction in germ cell gene expression and this indicates a dynamic cell signaling process between feeder cells and hESCs. These data suggest that hESC derived germ cells provide a robust and much needed system to study human germ cell signaling and development.
Materials and Methods
hESC culture conditions BGO1 (XY) hESC with normal karyotype was cultured on ICR mouse embryonic fibroblast (MEF; Harlan, Indianapolis, IN, USA) feeders inactivated by mitomycin C (Sigma-Aldrich, St. Louis, MO, USA). The cells were cultured in 20% KSR stem cell media, which consists of Dulbecco's modified Eagle medium (DMEM)/F12 supplemented with 20% knockout serum replacement (KSR), 2 mM L-glutamine, 0.1 mM non-essential amino acids, 50 units/ml penicillin/50 mg/ml streptomycin (Invitrogen, Carlsbad, CA, USA), 0.1 mM b-mercaptoethanol (Sigma-Aldrich) and 4 ng/ml bFGF (Sigma-Aldrich and R&D Systems, Minneapolis, MN, USA). They were maintained in 5% CO 2 and at 378C. Cells were passaged every 3 days by mechanical dissociation, re-plated on fresh feeders to prevent undirected differentiation with daily media changes as previously described in our laboratory (Mitalipova et al., 2003) .
Enrichment and differentiation culture conditions
As previously described (West et al., 2008) , germ-like cells were differentiated in an adherent culture system by growing them on ICR MEF feeders (Harlan) in 20% KSR media for 10 days without passaging. Cultures were maintained in 5% CO 2 at 378C and media was replaced every other day to stimulate germ cell signaling. In studies using BMP4 and noggin, hESCs were exposed to 10 or 100 ng/ml recombinant human BMP4 (R&D Systems) for the first 3 days of differentiation or continually exposed to 100 ng/ml of recombinant human noggin (R&D Systems) for 10 days under standard differentiation conditions. Control cells were differentiated under standard conditions in the absence of both BMP4 and noggin. The ECM was prepared as previously described (Gospodarowicz et al., 1980) ; briefly, mitotically inactivated ICR mouse feeders were plated at a density of 12 000 cells/cm 2 and maintained in culture for 4 days. Lysis of confluent feeder layers exposed the ECM as a substrate for cell attachment. Feeder cells were then washed with PBS incubated for 3 min in 0.02 M NH 4 OH and washed three times in PBS. hESC were seeded on the ECM and differentiated in 20% KSR media as previously described.
To determine the ability of KITL to modulate germ-like cell differentiation, hESC were differentiated on Kitl Sl-gb feeders from wild-type, heterozygous and homozygous mutant mice. The mice were originally obtained from the MRC Radiobiology Unit (Chilton, Didcot, UK) and have been maintained on C3H/HeNCR background for more than 20 generations (M. Bedell, personal communications). The mice used in this study were previously demonstrated to have the Kitl Sl-gb deletion, which caused a complete loss in Kitl mRNA expression (Rajaraman et al., 2002) and primordial germ cell (PGC) formation by 11.5 day post coitum (dpc) (Mahakali Zama et al., 2005) . Briefly, Kitl Sl-gb heterozygous mice were intercrossed and offspring were collected at day 13.5 dpc. The fibroblast cells were individually isolated from each fetus to prevent cross contamination between homo-and heterozygous individuals. Genotyping was done for each individual by extracting genomic DNA using a 50 mM KCl, 10 mM Tris -HCl pH 8.3, 2 mM MgCl 2 , 0.1 mg/ml gelatin, 0.45% Nonidet P40, and 0.45% Tween 20 buffer. Samples were then heat inactivated at 958C for 10 min. PCR amplification was performed using primers that expand the gb deletion breakpoint. The primers used were: gbA 5 0 -TGTATCAAAAGGGTCGGGAC-3 0 , gbB 5 0 -AGTTCAGT Human germ cell differentiation CATAGATTGGAG-3 0 ; gbC 5 0 -ATTGCTGTACTTGCTGCCTG-3 0 . Amplification products were analyzed on 7% acrylamide gels.
To asses methylation status of germ-like cells by immunocytochemistry, cells were passaged onto 4-well chamber slides (BD Falcon, Franklin Lakes, NJ, USA), differentiated for 10 days and stained for 5-methylcytidine every day starting at Day 4. Comparisons were made by visual inspection. The methylation status of germ-like cells were also tested utilizing the quantitative infinium methylation assay. Day 10 germ-like cells were differentiated on ICR MEF feeders (Harlan Laboratories, Indianapolis, IN, USA) in 20% KSR media without passaging and with media changes every other day, as before, and compared with hESCs.
Immunocytochemistry
Cells were passaged onto glass 4-well chamber slides (BD Falcon) and fixed with 4% paraformaldehyde for 15 min. Antibodies were directed against POU5F1 (Santa Cruz Biotechnology, Santa Cruz, CA USA, 1:500) and DDX4 (R&D Systems, 1:200) . Primary antibodies were detected using secondary antibodies conjugated to Alexa Flour 488 or 594 (Invitrogen, 1:1000). Immunoflurescence imaging was done using the Olympus Ix81 with Disc-Spinning Unit and Slide Book Software (Intelligent Imaging Innovations, Denver, CO, USA).
Methylation was assessed by fixing cells with 70% ethanol for 30 min. Cells were then treated with 2 N HCL and 0.5% triton-X 100 solution for 30 min, which was neutralized with a 0.1 M Na 2 BO 7 solution for 10 min. Antibodies were directed against 5-Methylcytidine (Santa Cruz, 1:500) and DDX4 (R&D Systems, 1:200), and these were detected using secondary antibodies conjugated to Alexa Flour 488 or 594 (Invitrogen, 1:1000). Cells were observed using the Olympus Ix81 with Disc-Spinning Unit, as mentioned before.
Flow cytometry
Cells were fixed in 57/43% ethanol/PBS for 10 min at room temperature. Cells were washed three times in PBS and were blocked in 6% donkey serum for 45 min. Antibodies were directed against POU5F1 (Santa Cruz Biotechnology, 1:250) and DDX4 (R&D Systems, 1:200). Due to the presence of feeders, an antibody against Human Nuclei (Millipore, Billerica, MA, USA, 1 ml per million cells) was also used to prevent false positives caused by feeders. MEFs and ENStem human neural progenitors (Millipore) were used as negative controls for POU5F1 and DDX4 expression. Primary antibodies were detected using fluorescently conjugated secondary antibodies Alexa Flour 405, 488 and 647. (Invitrogen, 1:1000). Cells were analyzed using a Dakocytomation Cyan (DakoCytomation, Carpinteria, CA, USA) and FlowJo Cytometry analysis software (Tree Star, Ashland, OR, USA). Significance was determined by running a 2-way ANOVA and Tukey's Pair-Wise (SAS, Cary, NC, USA) comparisons for each treatment looking at the effects of BMP4, Noggin, KITL and MEF ECM differentiation. Treatments where a P-value was ,0.05 were considered to be significantly different.
Real-time PCR
RNA was extracted using the Qiashredder and RNeasy kits (Qiagen, Germantown, MD, USA) according to the manufacturer's instructions. The RNA quality and quantity was verified using a RNA 600 Nano Assay (Agilent Technologies, Santa Clara, CA, USA) and the Agilent 2100 Bioanalyzer. Total RNA (5 mg) was reverse-transcribed using the cDNA Archive Kit (Applied Biosystems Inc., Foster City, CA, USA) according to manufacturer's protocols. Reactions were initially incubated at 258 C for 10 min and subsequently at 378C for 120 min. Quantitative RT-PCR (Taqman) assays were chosen for the transcripts to be evaluated from Assays-On-Demand TM (Applied Biosystems Inc.), a pre-validated library of human specific QPCR assays, and incorporated into a 384-well Micro-Fluidics Cards. From the cDNA samples, 2 ml samples were diluted to 50 ml and mixed with 50 ml of 2 Â PCR master mix, then loaded into respective channels on the microfluidic cards followed by centrifugation. The card was then sealed and real-time PCR and relative quantification was carried out on the ABI PRISM 7900 Sequence Detection System (Applied Biosystems Inc.). All failed (undetermined) reactions were excluded and DCt values were calculated. For calculation of relative fold change values, initial normalization was achieved against endogenous 18S ribosomal RNA using the DDCT method of quantification (Applied Biosystems Inc.) (Livak and Schmittgen, 2001) . Average fold changes from four independent runs were calculated as 2
2DDCT
. Significance was determined by running a 2-way ANOVA and Tukey's Pair-Wise (SAS) comparisons for each gene, looking at the effects of BMP4, Noggin, KITL and MEF ECM differentiation. Treatments where a P-value was ,0.05 were considered to be significantly different.
DNA methylation profiling
The infinium assay technology was used to perform quantitative DNA methylation profiling of imprinting genes H19, IGF2, IGF2R, SNRPN and SNURF following the illumina protocol (Illumina Inc., San Diego, CA, USA). Briefly, hESC and Day 10 germ-like cell DNA samples from three independent experiments were extracted using the DNeasy kit (Qiagen). From each sample, 1 mg genomic DNA was bisulfite converted using the EZ DNA Methylation Gold kit (Zymo Research, Orange, CA, USA). After bisulfite conversion, each sample was amplified and enzymatically fragmented. The bisulfite-converted DNA samples were purified and hybridized to the Illumina's Infinium HumanMethylation27 BeadChip, allowing quantitative measurements of DNA methylation. The arrays were imaged using a BeadArray Reader and image processing and intensity data extraction were performed according to Illumina's instructions using the BeadStudio software. A Methylation Module in the BeadStudio software analyses Cy3 and Cy5 intensities and calculates beta values for each CpG. DNA methylation beta values are continuous variables between 0 and 1, representing the ratio of the signal intensity of the methylated probe type to the combined locus intensity (sum of the signals of the methylated and unmethylated probe types). The software also performs differential methylation analysis between two samples 1 and 2 by computing a P-value: P¼|b12b2|/((S 2 1/n1)þ(S 2 2/n2)) and a diffscore value corrected for signal intensity following the formula: Diffscore ¼ 10 Sgn (b12b2) log10p. |Diffscore| . 20 corresponding to a P-value , 0.01 was considered significant.
Results

Loss of KITL causes decreased germ cell gene expression and numbers of DDX41 POU5F11 cells
We recently demonstrated that an enriched population of DDX4þ POU5F1þ cells can be generated from hESCs (West et al., 2008) . DDX4 is a germ cell specific marker in mice (Castrillon et al., 2000; Toyooka et al., 2000) and humans (Castrillon et al., 2000) , while POU5F1 is a marker expressed in pluripotent cell types including germ cells (Gaskell et al., 2004; Kehler et al. 2004; Kerr et al., 2008) . In this study, we differentiated BGO1 (XY) hESCs with a normal karyotype that were derived from a discarded embryo (Mitalipova et al., 2003) . All experiments were conducted using cells between passages 161-180. hESCs were differentiated on feeders in 20% KSR media without passaging for 10 days. Media was replenished every other day to encourage germ cell signaling.
Immunocytochemistry demonstrated that number of hESCs [DDX4-POU5F1þ (Fig. 1B and C) ] were reduced after differentiation, whereas a significant number of POU5F1þ cells expressed the germ cell specific marker DDX4þ (Fig. 1F and G ). DDX4 and POU5F1 expression was specific as co-cultured feeder cells ( Fig. 1J and K) and human neural progenitor cells [hNPCs ( Fig. 1N and O) ] derived from hESC were consistently negative. These results were further supported by flow cytometry where hESCs (Fig. 1D) had a small subset of POU5F1þ cells that were DDX4þ, whereas large numbers of POU5F1þ cells were also DDX4þ (Fig. 1H) in Day 10 differentiation cultures. Once again, hNPCs and feeders were negative for POU5F1 and DDX4 ( Fig. 1L and P, respectively) expression.
This level of differentiation was achieved without the addition of exogenous signaling factors, in still undefined conditions. One potential component in these undefined conditions is feeder derived KITL, which has been proven to be essential to maintaining normal germ cell development in the mouse (Chabot et al., 1988; Geissler et al., 1988; Matsui et al., 1990; Mahakali Zama et al., 2005; Runyan et al., 2006) . To determine the effect of KITL, we used Kitl sl-gb mutant mice, previously demonstrated to have a complete loss of Kitl mRNA expression (Rajaraman et al., 2002) and PGC formation in the mouse embryo, to create feeders (Mahakali Zama et al., 2005) . hESCs were differentiated on Kitl þ/þ, þ/2 and 2/2 feeders in 20% KSR media without passaging and with media changes every other day for 10 days. Heterozygous and homozygous null expression of KITL resulted in a significant reduction (P , 0.05) in the expression of KITL receptor KIT, the migratory genes CXCR4 and DDX4, the post-migratory gene DAZL and the meiotic gene SYCP3, relative to cultures differentiated on KITL þ/þ feeders ( Fig. 2A) . However, differentiation on KITL 2/2 feeders had no significant effect on the specifying genes IFITM3 or DPPA3, the premigratory gene POU5F1, the migratory gene NANOG or the postmigratory genes PIWIL2, PUM2 and NANOS1, relative to samples differentiated on KITL þ/þ feeders (data not shown). The percentage of DDX4þ POU5F1þ cells was also significantly (P , 0.05) decreased when differentiated on KITL þ/2 (21.5%) and KITL 2/2 (10.9%) feeders in a dose dependent manner, relative to hESCs differentiated on KITL þ/þ feeders (37.0%) (Fig. 2B ). This suggests that KITL is essential for enrichment of hESC to DDX4þ POU5F1þ cells. Zhao, 2001), has been found to be present in similar culture systems, attributed to the presents of KSR (Xu et al., 2005) and feeder cells (Qi et al., 2004) . Knowing this, we examined whether noggin, a BMP antagonist, could inhibit germ-like cell formation in our culture system. hESCs were differentiated under standard conditions in the presence of 100 ng/ml of noggin for 10 days. Under (A) hESCs were differentiated on KITL þ/þ, þ/2 or 2/2 feeders in 20% KSR media for 10 days. Differentiation of hESCs on KITL 2/2 feeders significantly decreased (P , 0.05) DAZL, KIT, CXCR4, DDX4, MLH1 and SYCP3 gene expression relative to hESCs differentiated on KITL þ/þ feeders. (B) Differentiation on KITL þ/2 and 2/2 feeders significantly decreased (P , 0.05) DDX4þ POU5F1þ cells relative to hESCs differentiated on KITL þ/þ in a dose dependent manner ( * ¼ Statistically significant from hESCs, # ¼ Statistically significant from KITL þ/þ treatment).
these conditions, up-regulation of germ cell gene expression was significantly (P , 0.05) inhibited with expression levels resembling a hESC like state. The specifying gene IFITM3, the pre-migratory gene POU5F1, the migratory gene NANOG, the post-migratory gene PUM2 and the meiotic gene MLH1 all remained down-regulated with the addition of noggin (Fig. 3A) . Expression of DPPA3, KIT, DDX4 (Fig. 3A) , DAZL, PIWIL2, NANOS1, SYCP1, SYCP3 and CXCR4 (data not shown) were not significantly changed relative to the differentiated control (treatment without noggin or BMP4) (Fig. 3A) . This indicates that BMP activity in these conditions may play a significant role in germ cell differentiation from hESCs.
To explore the ability of exogenous BMP4 to potentiate germ cell differentiation, hESCs cultures were differentiated as described above except they were exposed to 10 or 100 ng/ml of the germ cell specifying signaling molecule, BMP4. For 3 days and further differentiated as before for an additional 7 days. IFITM3 gene expression was significantly increased (P , 0.05) in cultures with BMP4 relative to hESCs, however, this increase was not significant relative to control treatment without BMP4 (Fig. 3A) . Conversely, cultures treated with BMP4 exhibited a dose dependent increase (P , 0.05) in expression of the specifying gene DPPA3 and the pre-migratory genes POU5F1 and KIT relative to differentiated control cells (Fig. 3A) . BMP4 also significantly increased (P , 0.05) the expression of the migratory gene NANOG (Fig. 3A) , the post-migratory gene DAZL (data not shown), the spermatogonia gene PUM2 and the meiotic gene MLH1 relative to hESCs and control (Fig. 3A) . The migratory gene DDX4 ( Fig. 2A ) and the post-migratory genes PIWIL2, NANOS1, SYCP3 (data not shown) showed no significant change with the addition of BMP4, however, they were all more highly expressed in the treated cells relative to hESCs. There was no change in expression of the migratory gene CXCR4 and the meiotic gene SYCP1 (data not shown) relative to hESCs or control treatment. The significant effect of additional BMP4 in seven genes suggest that BMP4 further enriched the germ-like character in these cultures.
To further confirm the role of BMP4 in germ-like cell enrichment, flow cytometry was conducted to quantify the population of DDX4þ POU5F1þ cells. The addition of noggin significantly (P , 0.05) inhibited the enrichment of germ-like cells with only 5.9% of cells being DDX4þ POU5F1þ, a percentage not significantly (P , 0.05) different from hESCs (4.1%) (Fig. 3B) . Additional exogenous BMP4 did not significantly (P , 0.05) increase the percentage of germlike cells, with 29.6% of cells being DDX4þ POU5F1þ, relative to control treatment (Fig. 3B ). This suggests that supplemental BMP4 levels in excess of the BMP activity in KSR or produced by feeders is not required for the formation of DDX4þ POU5F1þ cells, albeit the addition of BMP4 causes increased germ cell gene expression and potentially enhances germ cell programming.
Differentiation on feeder ECM causes decreased germ cell gene expression
Our previous work has shown that differentiation of hESCs into germlike cells requires cell -cell contact with feeders (West et al., 2008) . Differentiation in feeder conditioned media, media exposed to feeders for 24 h, on poly-ornithine and laminin coated plates caused (A) hESCs were differentiated in 20% KSR media in the presence of 100 ng/ml of noggin, or ng/ml (control), 10 or 100 ng/ml of BMP4 for 10 days. Noggin significantly inhibited (P , 0.05) expression of IFITM3, POU5F1, NANOG, PUM2 and MLH1, relative to hESCs (control). BMP4 significantly increased (P , 0.05) DPPA3, POU5F1, KIT, NANOG, PUM2 and MLH1 expression relative to control. (B) 100 ng/ml of Noggin significantly decreased (P , 0.05) the number of DDX4þ POU5F1þ cells, whereas 100 ng/ml of BMP4 had no effect when compared with control treatment [ * ¼ Statistically significant from hESCs, # ¼ Statistically significant from control (0 ng/ml of BMP4 and 0 ng/ml Noggin)]. a significant reduction in germ cell gene expression and, in the absence of bFGF, DDX4þ POU5F1þ cells. To determine if feeder ECM promotes germ-like cell differentiation, hESCs were differentiated in 20% KSR media on feeder ECM with every other day media changes and no passaging for 10 days and compared with those exposed to feeder cells. Differentiation of hESCs only on feeder ECM significantly reduced (P , 0.05) pre-migratory genes IFITM3, DPPA3 and KIT, the migratory gene NANOG, the post-migratory gene PUM2 and the meiotic genes MLH1 and SYCP3, relative to control cells differentiated on feeders (Fig. 4A) . There was no significant change in the premigratory genes POU5F1, the migratory gene DDX4, the postmigratory genes DAZL, PIWIL2, NANOS1 and the meiotic gene SYCP1 with respect to hESCs differentiated on feeders (Fig. 4A) . The down-regulation of seven germ cell genes represents a decrease in germ cell character suggesting that direct communication between the feeders and hESCs is important for the enhancement of germ cell gene expression. Despite the down-regulation of germ cell genes in cultures differentiated on feeder ECM, this condition did not significantly affect the number of DDX4þ POU5F1þ germ-like cells: 34.2% on ECM versus 30.9% on feeders (Fig. 4B ). This suggests that germ-like cells can be derived on the feeder ECM alone, however, differentiation on feeders results in higher germ cell gene expression.
Germ-like cells demonstrated no obvious change in genome wide or imprinting gene methylation
Resetting of the genome methylation pattern (Reik et al., 2001; Schaefer et al., 2007) and imprinting genes (Hajkova et al., 2002; Lee et al., 2002; Onyango et al., 2002; Sato et al., 2003) in PGCs is an important aspect of normal development. To first assess genome wide methylation, hESCs were differentiated for 10 days in 20% KSR media without passaging and with media changes every other day and were compared with hESCs. Cells were collected each day and stained for 5-methylcytidine and DDX4. DDX4þ (Fig. 5D , Dapi DDX4 merge) germ-like cells did not demonstrate a significant decrease in 5-methylcytidine ( Fig. 5E and B) expression when compared with DDX4-hESCs (Fig. 5A , Dapi DDX4 merge). The 5-methycytidine expression profile showed specific localization to the nucleus (Fig. 5C and F merge) of all cells tested. To further test the reprogrammablity of germ-like cells, DNA was isolated from Day 10 differentiation and hESC cultures and underwent bisulfite conversion. The methylation profile of the imprinting genes H19, IGF2, IGF2R, SNRPN and SNURF were determined utilizing the quantitative infinium assay system. The methylation status of individual CpG islands for each imprinting gene did not significantly (P-value , 0.01) differ between hESCs and germ-like cells for any the CpG islands that were assayed (Table I) . These results suggest a lack of global and imprinting gene demethylation in hESC derived germ-like cells, indicating a need for improved reprogramming.
Discussion
Here we report for the first time the role of KITL in the in-vitro differentiation of hESCs into germ cells. When KITL was absent, there was a significant decrease in DDX4þ POU5F1þ cells (Fig. 2B) . Previously, KITL signaling has been shown to play a pivotal role in promoting proliferation of mouse prenatal germ cells (Chabot et al., 1988; Runyan et al., 2006) and is believed to do the same in human germ cell development (Robinson et al., 2001; Hoyer et al., 2005) . KITL is also essential in maintaining extended mouse primary germ cell cultures (Godin et al., 1991; Matsui et al., 1991; Resnick et al., 1992; Pesce et al., 1993 Pesce et al., , 1997 . Matsu et al. (1991) showed that primary mouse germ cell cultures grown on KITL 2/2 feeders had a significant reduction in proliferation and survivability. Even in the absence of feeders, which are known to produce other factors important for primary germ cell culture, such as leukemia inhibitory factory (Matsui et al., 1991) , KITL is able to enhance initial survival of primary germ cells in culture (Godin et al., 1991) . Here the proliferative response of hESC derived germ-like cells to KITL occurs with cultures of primary germ cells, implying that these may model human germ cell development. KITL/KIT signaling is intrinsically linked to the migratory phase of early development as KIT is first expressed in mouse PGCs at 7.5 dpc (Manova and Bachvarova, 1991) , just proceeding initiation of migration, and KITL is expressed throughout the migratory pathway and at the genital ridge (Matsui et al., 1990) . KITL/KIT signaling is believed to play an important role in germ cell development during the migratory phase (Runyan et al., 2006) . This may explain why we found a significant decrease in expression of CXCR4 and DDX4 in cells on KITL 2/2 feeders, as both are first expressed during migration ( Fig. 2A) . KITL/KIT signaling is also essential in post-natal germ cell development and interrupting this signaling leads to a loss of type A spermatogonia derivatives, including meiotic cell types (Yoshinaga et al., 1991; Manova et al., 1993) . In agreement, we observed decreased expression of SYCP3, an early meiotic marker (Yuan et al., 2000 (Yuan et al., , 2002 , in the KITL deficient groups (Fig. 2) . In addition, germ cells just preceding entry into meiosis express KIT and are believed to be responsive to KITL/KIT signaling (Yoshinaga et al., 1991; Manova et al., 1993) . Conceivably, SYCP3 gene expression may also be linked to KITL/KIT signaling, yet further studies are needed to confirm this. We did not observe a significant change in the expression of specifying genes, IFITM3 or DPPA3, but we did see a significant decrease in the number of germ-like cells. We hypothesize that the absence of KITL does not affect the specification of germ-like cells; however, it may prevent expansion of these cells. A possible loss in expansion is in agreement with data in the mouse where early mouse germ cells show a loss of proliferation and undergo apoptosis when KITL/KIT signaling is interrupted (Chabot et al., 1988; Manova and Bachvarova, 1991; Runyan et al., 2006) . Overall, our finding agree with previous in-vivo and in-vitro germ cell culture data and suggests KITL plays a key role in proliferation and differentiation of these hESC derived germ-like cells.
Inhibition of BMP signaling in differentiating cultures by Noggin decreased germ cell gene expression and all but eliminated differentiation to DDX4þ POU5F1þ cells. Previous studies differentiating ESCs into germ cells used undefined culture condition including fetal bovine serum or KSR which may have affected differentiation via BMP activity (Hubner et al., 2003; Clark et al., 2004; Xu et al., 2005; Chen et al., 2007b; West et al., 2008) . These results suggest that the inherent BMP activity of these systems is sufficient to cause differentiation into germ-like cells. BMP4 has also been shown to be produced by MEF feeders (Qi et al., 2004 ) and may be a major source of germ cell signaling in an adherent culture system. This may explain the relatively high numbers of germ-like cells observed in this culture system and provides a significant advantage over embyroid body differentiation cultures that do not utilize feeders (Clark et al., 2004; Kee et al., 2006) . As anticipated based on the role of BMP4 in specification in vivo (Lawson et al., 1999; de Sousa Lopes et al., 2004) , adding BMP4 caused an increase in germ cell specifying genes. Toyooka et al. (2003) also showed that BMP4 produced DDX4þ cells from mESCs, with the mouse homologue of DDX4; however, our cultures already contained DDX4þ cells, making it hard to directly compare these two studies. In addition, here BMP4 caused an increase in migratory and post-migratory gene expression, which has not been previously shown and may represent enhanced germ cell programming. Kee et al. (2006) also used exogenous BMP4 in the differentiation of hESCs into germ-like cells. They showed that BMP4 induced a 3.4-fold increase in DDX4 gene expression when compared with differentiated treatments without BMP4. Also, BMP4 caused a significant increase in the DDX4þ population from 3 to 14.5%, with the inclusion of additional germ cell enhancing factors BMP7 and BMP8b (Kee et al., 2006) . We observed a similar fold increase of 3.8 in DDX4 gene expression when 10 ng/ml of BMP4 was added (Fig. 3A) . Although this was not a statistically significant increase, it may be biologically significant. Further, we did not see a significant increase in the number of DDX4þ POU5F1þ cells in the presence of exogenous BMP4 (Fig. 3B) . Again, the addition of noggin into our non-supplemented cultures reduced germ cell gene expression and DDX4þ POU5F1þ cells, implying that these cultures have endogenous BMP activity (Fig. 3A) . Therefore, the addition of exogenous BMP4 beyond that present in KSR or produced by feeders may be redundant and may not further enhance germ-like cell production.
Despite the down-regulation of germ cell genes in cultures differentiated on feeder ECM (Fig. 4A) , the proportion of DDX4þ POU5F1þ cells remained the same as feeder cultured cells (Fig. 4B ). This result is not totally unexpected since neither POU5F1 nor DDX4 gene expression was significantly changed in cultures differentiated on ECM. The specifying genes, IFITM3 and DPPA3, and the post-migratory genes, PUM2, MLH1 and SYCP3, all showed significant decreased expression relative to cells differentiated on feeder cells. However, these same genes were up-regulated relative to hESCs, thus the relatively lower germ cell gene expression in feeder ECM compared with the feeder cell groups may represent only a partial failure to recapitulate the germ cell/feeder cell association.
Global demethylation and resetting of imprinting genes in primordial germ cells is believed to occur in all mammalian species (Monk et al., 1987; Hajkova et al., 2002; Lee et al., 2002; Santos and Dean, 2004; Maatouk et al., 2006) . In our study, we did not observe a significant decrease in the level of methylation in DDX4þ cells relative to hESCs at the genomic or gene level. Previously, imprinting gene methylation in hESC (Tilgner et al., 2008) and mESC (Geijsen et al., 2004; Nayernia et al., 2006) derived germ-like cells were partially reset; however, these studies only examined two or three genes and not whole genome methylation,. Regardless, Nayernia et al. (2006) demonstrated that their germ-like cells could produce live offspring, but these mice had phenotypic abnormalities and were short lived. These abnormalities were ultimately attributed to hypo-and hypermethylation of imprinting genes. The culture conditions described here and in other studies include levels of growth factors that may not adequately reflect in-vivo conditions and therefore could have affected the demethylation results. Our results suggest that proper epigenetic reprogramming of ESC derived germ cells is an important issue that should be further investigated during in-vitro germ cell development and maturation.
In summary, this is the first report demonstrating that a loss of KITL in differentiation cultures caused a significant decrease in enrichment of human germ-like cells and germ cell genes that are temporally related. BMP4 caused a significant increase in germ cell gene expression and appears to be required for differentiation of hESCs into germ-like (DDX4þ POU5F1þ) cells. Additionally, other factors and conditions are likely required for proper temporal and spatial germ cell development events to be mimicked in vitro. Building upon these studies, future work will investigate the role of different factors in germ cell niche signaling and will compare germ cell programming of hESC derived germ cells to their in-vivo counterparts.
